We model the effectiveness of trees and grass on traffic PM 2.5 reduction. City scale CFD simulations were performed under the OpenFOAM software. Aerodynamics effect of tree prevails over deposition. Tree are beneficial for wind speeds greater than 2 m s À1 . PM 2.5 deposition on buildings is negligible with less than 0.03 %. 
Introduction
Road traffic emissions are one of the largest contributors of air pollution in urban environments, contributing to up to 66% of particulate matter with aerodynamic diameter less than 2.5 mm (PM 2.5 ) (Sundvor et al., 2012 ). An excess of inhaled particulate matters can present adverse health effects such as premature death, lung cancer, cardiovascular disease and asthma attacks among health outcomes (Kim et al., 2015) . The World Health Organisation recommends that PM 2.5 concentrations should not exceed the guideline value of 10 mg/m 3 as a yearly average and 25 mg/m 3 as a daily average (WHO, 2006) . 85% of the European population lives above these recommended levels of PM 2.5 (Guerreiro et al., 2013) . In developing countries such as China, these thresholds are sometimes exceeded by an order of magnitude (Chan and Yao, 2008) . Urban vegetation and green barriers have been shown to offer passive mitigation for air pollution (Gallagher et al., 2015; Li et al., 2016; Tong et al., 2016; Al-Dabbous and Kumar, 2014; Morakinyo and Lam, 2015) . Regional scale modelling studies have shown a modest impact of trees on particle deposition with less than a few percent reduction (Tallis et al., 2011; Beckett et al., 1998; Nowak et al., 2006; Selmi et al., 2016) . However, at the street canyon scale, modelling studies suggest that green walls can decrease pollutant concentrations as much as 40% for NO 2 and 60% for PM 10 (Pugh et al., 2012) . Vegetation barriers were also shown to reduce pedestrian exposure on ultrafine particles up by 37% under realistic wind conditions (Al-Dabbous and Kumar, 2014) . There are also other benefits of urban green spaces, in that they contribute to the well being of the urban population (White et al., 2013) and road side vegetation also regulates the traffic noise level of busy streets (Kalansuriya et al., 2009) . Vegetation can sometimes have adverse effects. Urban trees have been shown to increase pollutant concentrations in some street canyon configurations, as they modify the street canyon roughness properties changing the wind flow behaviour (Gromke et al., 2008; Buccolieri et al., 2011; Wania et al., 2012; Vos et al., 2013; Salmond et al., 2013; Gromke and Blocken, 2015) . However, for winds parallel to street canyons, urban trees have been found to decrease road traffic emissions (Amorim et al., 2013; Abhijith and Gokhale, 2015) . When looking at the global city scale, Barnes et al. (2014) have demonstrated that the urban surface has a direct impact on the dispersion of air pollution with pollutant concentrations increasing with lower surface roughness. This result has been confirmed in a modelling study around the City of Leicester where the aerodynamic effects of trees have been shown to decrease pollutant concentrations owing to an increase in turbulence production (Jeanjean et al., 2015) . Recent reviews have pointed out that very little has been done attempting to integrate both the aerodynamics and deposition effects of trees on a city scale (Janh€ all, 2015; Salmond et al., 2016) , only a few studies focus on this aspect at the street canyon scale Vranckx et al., 2015; Steffens et al., 2012) , and not the city scale. The objective of this paper is to study both the aerodynamics and deposition effects of trees and grass on road traffic emitted PM 2.5 . The study focuses on the City of Leicester in the United Kingdom over a total 2 Â 2 km area (4 km 2 ) using real 3D trees, grass, roads and 3D buildings data.
The simulations were performed using a Computational Fluid Dynamics (CFD) model, previously validated against available wind tunnel measurements (Jeanjean et al., 2015) . The impact of each individual model components such as buildings, trees and grass on PM 2.5 reduction were individually studied. The atmospheric lifetime of PM 2.5 ranges from days to week whereas PM 10 lasts for a few hours to days (Gugamsetty et al., 2012) . This translates into a settling velocity of around 0.5 cm s À1 for PM 10 which is an order of magnitude larger than a factor than the PM 2.5 settling velocity of 0.02 cm s À1 (Lapple, 1961) .
Experimental

Model description
CFD models are often used to simulate wind flow in urban street canyons as they can reconstruct wind vorticity inside the canyons. The model used here is based on the OpenFOAM (Open Field Operation and Manipulation) software platform using the k-ε model. OpenFOAM is open source and is freely available. This model was previously validated for wind flow and particles dispersion (Jeanjean et al., 2015) . The validation exercise shows an overall model accuracy of 30e40% on modelled pollutant concentrations. In the literature, RANS CFD models based on OpenFOAM show similar performances (Vranckx et al., 2015; Vranckx and Vos, 2013) . Other CFD models, such as LES (Large Eddy Simulations) capture time dependent flow structures and are known to offer improved performance compared to RANS simulations (Di Sabatino et al., 2013) . RANS simulations are especially tied to the importance of the turbulent Schmidt number (Sc t ) for pollutant dispersion compared to LES (Gousseau et al., 2011) . RANS simulations are however much less computationally demanding than LES which makes them more suitable for city scale simulations, as it is the case for the present study. The computational grid was modified to take into account the grass surface (see Fig. 1 ). Guidelines in respect to CFD simulation of air flow in urban environments provided in the COST Action 732 (European Cooperation in the field of Scientific and Technical Research) was used to parameterise the CFD model (Franke et al., 2007) .
To develop a model for the City of Leicester, a 3D LIDAR dataset of the buildings was constructed in 2007 with a resolution of 25 cm (see developed city model in, Fig. 1 ). This was combined with a road map from the same year provided by Leicester City Council. The road map includes major junctions and omits residential roads that have low traffic volumes. The traffic in this study was assumed to be uniform across all roads with an arbitrary PM 2. (WMO, 2008) . The rest of ground surface between buildings was treated as a surface roughness of 0.10 m, which corresponds to large occasional obstacles. An idealised tree population was considered, which corresponds to the average tree profile encounters in the East Midlands region of the UK. The vertical distribution of leaf was kept constant which corresponds to the average tree LAD in Leicester, previously estimated at 1.6 m 2 m À3 (Jeanjean et al., 2015) . In regards to tree species management, studying the impact of vertical distribution of leaf for different tree species as well different canopy shapes leaves room for future research. The trees were modelled as a porous media which results in a perturbation of the air flow and in removal of particles via deposition. To take into account an average wind profile, 12 wind directions were calculated every 30 and then aggregated into a single average of PM 2.5 concentration. The impact of the wind speed was also investigated with simulations for a turbulent wind flow of 4.6 m s À1 (which corresponds to the average wind speed in the UK) and for a low wind speed of 1 m s À1 (which corresponds to a laminar flow, without turbulence). The mean velocity flow and the turbulent dissipation were set up to follow a logarithmic law to reflect an atmospheric boundary layer profile on the bounding edges of the computational domain. Five independent scenarios were modelled looking tree aerodynamics and deposition on trees, grass and buildings. These cases were compared against a reference scenario without any tree aerodynamics and deposition (see Table 1 ). To investigate areas with different tree and grass cover settings, the City of Leicester was divided into smaller subsets: city centre, suburbs, road sides and suburb road sides (see Fig. 2 ). All reported values are at ground concentration of 1.5 m, to reflect the effect of tree at pedestrian height.
Deposition velocities
The model was enhanced with additional sink terms which take into account the deposition of PM 2.5 on trees, grass and buildings using the same implementation method as Vranckx et al. (2015) . The range of dry deposition velocities in the literature are very wide, as dry deposition velocities are highly dependent on the vegetation species and particle diameters (size distribution). As a single average deposition velocity would not be representative, the simulations were bounded by the lowest and highest published deposition (Litschke and Kuttler, 2008) . For trees, the deposition velocities range from 0.02 cm s À1 for species such as Picea (Peters and Eiden, 1992) and Ficus (Freer-Smith et al., 2004 ) to 30 cm s
À1
for the common Hazel (White and Turner, 1970) . For grass, the dry deposition velocities range from 0.01 cm s À1 (Horbert et al., 1976 ) to 8 cm s À1 (Harrison et al., 1996) . Although an average deposition velocity can be challenging to estimate, a conservative value of 0.64 cm s À1 chosen by Pugh et al. (2012) was used for trees and grass. Regarding building deposition, the dry deposition velocity of particles on cement of 3.6Â 10 À3 cm s À1 was used (Roupsard et al., 2013) . The deposition inside the tree crown cells was parametrised as a sink term applied at each Eulerian step such that
where D C(t) is the change in particles concentration via deposition in an Eulerian forward step (g m À3 ), C(tÀ1) is the particles con-
, LAD is the Leaf Area Density (m 2 m
À3
) and Vd is (Petroff and Zhang, 2010; Pugh et al., 2012) . A LAI of 1 m 2 m À2 was used for urban grass, which corresponds to the lower end range of LAI. In this study, no changes in aerodynamics resistance were considered for the deposition sink terms used in Eq.
(1) and Eq. (2) which were kept constant across the two wind speeds of 1 and 4.6 m s
À1
.
Results
Reduction by trees and grass
For a wind speed of 4.6 m s
À1
, the aerodynamic effect of trees increases traffic-sourced concentrations in street canyons but shows a decrease in open terrain (Fig. 3a) . For a wind speed of 1.0 m s À1 (Fig. 3b) , no turbulent dispersion occurs under laminar conditions and trees are shown to significantly increase concentrations along the road sides. This effect occurs as trees are reducing the wind speed which then decreases the net dispersion. For deposition, trees decrease PM 2.5 concentrations locally (close to where they are planted) and are more efficient when placed close to road sides where particle concentrations are greatest (Fig. 3c,d ). Deposition on trees is more important at a wind speed of 4.6 m s
and almost insignificant at a wind speed of 1 m s
. Like for deposition on trees, grass decreases PM 2.5 concentrations locally and close to the road sides where particle concentrations are greatest (Fig. 3e,f) . Grass deposition shows similar results in terms of loss at both strong and low wind speeds. The change of PM 2.5 by building deposition was less than 0.03% and is subsequently not detailed owing to its low impact on PM 2.5 reduction.
The model results in Fig. 4 show that the aerodynamic effects of trees prevails over the tree and grass deposition. Although the dispersive effects can appear important, similar results are found in the literature with a 12% increase in concentration for winds perpendicular to the street canyon and a 16% decrease for parallel winds (Amorim et al., 2013) . Other studies measured an overall reduction in black carbon concentration by 12% downwind of trees by combining dispersion and deposition, which is comparable to the results presented in Fig. 4 (Brantley et al., 2014) . In Fig. 4 , the model uncertainties on estimating the trees and grass depositions are large as the choice of deposition velocities were wide (see Table 1 ). For a wind speed of 4.6 m s
, observed depositions was greater for trees, (with a reduction of 2.5%) than for grass, (with a reduction of 0.8%), over the full scene. The aerodynamic dispersion induced by trees reduces PM 2.5 concentrations by 11% over the full scene and up to 14% for the suburbs where the tree population is larger. This result is consistent with our previous work, where trees promote air turbulence which has a regional beneficial impact (Jeanjean et al., 2015) with the addition that trees increase the probability of particle deposition significantly more than on shorter vegetation like grass (Chen et al., 2016) . For a wind speed of 1 m s À1 , trees were found to increase PM 2.5 concentrations by 8% over the full scene. In the model settings, a wind speed of 1 m s À1 is considered laminar and therefore no turbulent dispersion occurs which explains why trees trap traffic emissions at pedestrian height as they decrease the wind flow (Jeanjean et al., 2015) . Deposition on trees was negligible (less than 1%) over the full scene whereas deposition on grass was greater (1.7%). The model error was smaller for a wind speed of 1 m s
, which suggests that uncertainties in the model increase as the wind speed increases.
3.2. Generalisation between PM reduction and vegetation cover 3.2.1. Tree cover and PM 2.5 reduction
The data in Fig. 5 suggest that a linear relation can be approximated between the tree ground surface fraction (%) and the PM 2.5 reduction. By combining linear coefficients, an equation was formed to predict what the reduction in PM 2.5 would be, depending on the tree ground surface cover, such that
where X is the tree ground surface cover (%), K t1 is the aerodynamic coefficient, K t2 is the deposition coefficient, V dtrees is the tree deposition velocity and a is a power law coefficient. Derived coefficients from this work are summarised in Table 2 . It is interesting to note the nature of these linear relationships given the spatial inhomogeneity in any given sub-class of the city. It seems to suggest a level of robustness for predicting city-wide effects from simple models. Knowing the effect of an urban tree population on PM 2.5 concentrations could be assessed using this empirical equation supposing the relation translates from Leicester City to another city, which was not investigated here.
Grass cover and PM 2.5 reduction
As with the case of trees, a similar linear relation can be approximated between the grass ground surface fraction (%) and the PM 2.5 reduction (see Fig. 6 ). By combining these linear coefficients, an equation was built to predict what the reduction in PM 2.5 would be, depending on the grass ground surface cover, such that
where X is the grass ground surface cover (%), K t1 is the aerodynamic coefficient, K t2 is the deposition coefficient, V dgrass is the grass deposition velocity and a is a power law coefficient. Derived coefficients are summarised in Table 2 . In contrast to the relationship for tree (Eq. (3)), the data in Fig. 6 suggest a greater effect of spatial inhomogeneity particular at higher deposition velocities. Fig. 7 shows a comparison of the predicted reduction of PM 2.5 by trees or grass using the simple linear representations (Eq. (3) and Eq. (4)) against the full CFD results (see Fig. 4 ), plotted across a range of ground surface fractions and deposition velocities.
Tree and grass relations evaluation against initial model results
The linear relations (Eq. (3) and Eq. (4)) are based on the following assumptions. Each tree has been modelled as the average of the tree population of Leicester (Jeanjean et al., 2015) . The dispersive effects of trees was calculated with a zero background concentration of PM 2.5 (road emissions were the only source). Eq. (3) and Eq. (4) are dependent on the wind speed and they have been derived at only two wind speeds of 4.6 and 1.0 m s
À1
. At this stage, applying the relationship to other wind speeds would require re-running a large set of simulations. The coefficients were also calculated for ground surface fraction of vegetation, going up to 25% for grass and 15% for trees. For vegetation cover greater than these, the proposed relation has not been verified but may be a topic for further research. Exploring the applicability of these relations on other cities is also something that could be considered for future work. For example, it was shown that deposition on trees is of minor importance in Northern countries owing to the short time of the leaf season, which would change the relations coefficients (Set€ al€ a et al., 2013).
Wind speed dependence
Owing to the very high computational resources needed to run the CFD model over different wind speeds, only two wind speeds were performed in this study. Although a crude simplification, it was supposed that the change observed with wind speed is linear between the two wind speeds of 1 and 4.6 m s
À1
. Therefore the initial coefficients from Table 2 were linearly interpolated (see Table 3 ). Using the previous relations (Eq. (3) and Eq. (4)), the change of wind speed on the tree and grass deposition was investigated. From these estimations, Fig. 8a) shows that tree start to be beneficial for a wind speed of 2.5 m s À1 when considering the tree aerodynamics and 2.0 m s À1 when considering both the tree aerodynamics and deposition. As seen previously, the PM 2.5 deposition on grass has much less impact on PM 2.5 concentrations than trees. Although it needs more CFD simulations at different wind speeds to be confirmed, it appears in Fig. 8b ) that the ideal wind speed for the deposition on tree is 3 m s
. This could be understood as at low wind speed (1 m s À1 ), not enough flux of pollutant is brought to the tree and at high wind speed the flux of pollutant passes quickly inside the tree and settle less.
Net flux of trees and grass in the summer season over Leicester
In this study, the seasonality of spring and autumn was not investigated, as it requires further modelling of tree profiles with growing or falling leaves. The tree profile used here corresponds to tree with fully grown leaves mainly present during the summer season in England (21 st June to 21 st September). The net flux of trees and grass in the summer season over Leicester was estimated using half hourly wind measurement from the East Midlands Airport weather station, located 30 km North of Leicester City. From these measurements, the average wind speed in Leicester City was 4.0 m s À1 during the summer 2014. Based on these assumptions, the average net flux of tree and grass on PM 2.5 concentration emitted by traffic was estimated to be a 9.0% reduction from the tree aerodynamics, 2.8% reduction from the deposition on trees and 0.6% reduction from the deposition on grass. Local measurements of urban background concentrations of . Using this average leads to an overall deposition of PM 2.5 of 11.8 t year À1 (2.9 t year À1 km À2 ) on trees and 2.5 t year À1 (0.6 t year À1 km À2 ) on grass.
A previous study looking at the same scene over Leicester concluding that tree were reducing road traffic emissions by 7% at a wind speed of 4.6 m s À1 (Jeanjean et al., 2015) . In this present study, a reduction of 11.5% was found (see Fig. 8a ). The main difference from the previous study mainly resides in the difference of surface roughness which was altered by the introduction of grass, treated here as a smoother surface than in the previous model set-up. This shows that results from CFD modelling studies shall be treated with caution as they are highly dependent on the boundary conditions and are limited by their modelling accuracy (being here 40%).
Discussion and links with previous studies
Comparison with the i-Tree model
To compare the decrease in particulate matter concentrations by deposition on trees, the model results were then compared with values calculated under the UFORE model (i-Tree dry deposition module) (Escobedo and Nowak, 2009 ). The UFORE model has been used across a wide ranges of studies to characterise the impact of trees on PM 10 deposition (e.g (Nowak et al., 2006; Tallis et al., 2011; Baumgardner et al., 2012) .) and PM 2.5 deposition (Nowak et al., 2013) . In the UFORE model, the reduction in particulate matter concentrations is calculated over the whole boundary layer. The results in Fig. 9 show the changes in PM 2.5 provided by the CFD model at a wind speed of 4.6 m s
À1
. Although the Earth boundary layer height is typically 1e2 km (Seidel et al., 2010; Garratt, 1994) , the maximum height of the simulation domain used here was 500 m as the main focus of the study was the dispersion and deposition of road traffic emissions. When averaging across the whole height, a reduction of 0.25% was found for the deposition on trees and 0.03% for grass averaged across the whole domain height. The estimated removal of PM 2.5 by deposition on trees is in the same order of magnitude than provided by Nowak et al. (2013) , where the average improvement of air quality by urban trees was reported to range between 0.05% and 0.24% across 10 major US cities. It is worth noting that comparing to steady state CFD model, the UFORE model integrates more temporal variation such as meteorology (changes in wind speed, direction, boundary layer) and measurements of PM 2.5 concentrations over time. Nonetheless, CFD simulations have the ability to provide spatial information to see where particulate matter concentrations are decreased. In Fig. 9 , it can be seen that tree and grass have the greatest effect close to the ground and that there effects decrease with height. This suggests that trees have a lot more effects locally than on a larger scale. This finding agrees with recent empirical studies that have empirically demonstrated a reduction in PM close to green spaces (e.g. Irga et al., 2015) .
Urban tree management
One of the main question arising from this study is how trees can best be used for air quality improvement, combining both their aerodynamic and deposition effects. A suggestion coming from this modelling work is that in general for cities with average wind speeds greater than 2 m s À1 , the more trees the better for both aerodynamic dispersion and deposition of PM 2.5 in an urban environment. It is important to note that the maximum tree cover used here was 20%, findings could be altered for greater tree cover. As aerodynamic effects are the most important, trees species that are planted in urban environment shall not only be chosen based on their deposition capability. Trees species with high LAD and high deposition are the best to enhance deposition but they shall at the same time favour aerodynamic dispersion. For cities with low average wind speeds (less than 2 m s À1 ), trees were shown to increase PM 2.5 concentrations. In this special cases tree species shall be chosen to decrease as little as possible the wind speed to avoid trapping pollution. As shown by Tiwary et al. (2009) , it was found that trees have more abilities to decrease particulate matter concentrations than grass. Another question arising is where shall trees be planted in cities. Although street canyon trees would be the most effective for particulate matter deposition as exposed to greater concentrations (Tallis et al., 2011) , previous studies have shown that the aerodynamic effect of trees would end up trapping road emissions in this situation (Gromke et et al., 2012). However, most of these studies have looked at perpendicular wind directions which exacerbates tree trapping effects in street canyons. Amorim et al. (2013) found that for perpendicular wind directions trees are actually beneficial. The present study results suggest that street canyon trees could actually be beneficial, depending on the prevailing wind direction, wind speed, street canyon and surrounding building geometries.
Conclusion
The model results show that there is a direct relationship between changes in PM 2.5 concentration and the trees and grass ground surface cover. This suggests that there is level of geometry independence combining buildings and trees that is dominated by the aerodynamics of trees. In terms of urban planning, the linear relationship observed in this study (Eq. (3) and Eq. (4)) provides an easy tool to monitor the effectiveness of green infrastructure on the local scale, at pedestrian height. Although only computed for 2 wind speeds, the aerodynamic effects of trees show that dispersion appears to be more important than deposition. Working on removing street pollution via dispersion will prove to be as or even more efficient than deposition technologies.
In Leicester City Centre, the overall global decrease in particle concentrations when considering trees and grass deposition together, is very limited, with 2.8% reduction from the deposition on trees and 0.6% reduction from the deposition on grass. The aerodynamics effect has a much stronger effect, owing a 9.0% reduction during summer time in Leicester City. This study suggests that reducing the road emissions by 10%, equivalent to one vehicle in 10, will have the same effect as all the combined green infrastructure in Leicester City Centre. Regarding the decrease of background particles (non-road emissions, which is not studied here), Fig. 6 . Relation between the grass ground surface fraction (%) and the PM 2.5 reduction with the associated first order linear regression coefficients. The PM 2.5 deposition on grass were calculated for low (0.01 cm s Fig. 4 ) at pedestrian height and estimated changes through two linear relations (Eq. (3) and Eq. (4)) based on trees and grass ground surface fraction (%). The aerodynamics of trees were added into the tree deposition calculation.
Table 3
Coefficients of the PM 2.5 reduction relations linearly interpolated from the literature shows as well that the deposition on vegetation is limited to less than a few percent decrease (Tallis et al., 2011; Beckett et al., 1998; Nowak et al., 2006) . Green infrastructures are beneficial but they do not represent a solution to completely remove air pollution from cities. The tree and grass species of a city could lead to very different reduction in PM 2.5 from a few percent to almost 20% as suggested by the results. These reductions would only occur during the leaf-period (nonwinter period), although for a temperate city like Leicester some trees and hedges are evergreen. It is clear that green infrastructure has a role to play at a city scale but only when co-ordinated with understanding of local implementation and traffic planning.
Because of the steady flow produced by the CFD model, it shall be noted that time dependent effects such as fluctuations in wind speed or direction, solar heating or chemical reactions were not reproduced by the simulations. . Fig. 9 . CFD results of changes in PM 2.5 across the whole height of the simulation domain for a wind speed of 4.6 m s
À1
. All relative reductions (%) where calculated using the average ground concentrations of the reference scenario (see Table 1 ) as denominator.
